To characterize gene expression networks linked to AT 1 angiotensin receptors in the kidney, we carried out genome-wide transcriptional analysis of RNA from kidneys of wild-type (WT) and AT1A receptor-deficient mice (KOs) at baseline and after 2 days of angiotensin II infusion (1,000 ng·kg Ϫ1 · min Ϫ1 ). At baseline, 405 genes were differentially expressed (Ͼ1.5ϫ) between WT and KO kidneys. Of these, Ͼ80% were upregulated in the KO group including genes involved in inflammation, oxidative stress, and cell proliferation. After 2 days of angiotensin II infusion in WT mice, expression of Ϸ805 genes was altered (18% upregulated, 82% repressed). Genes in metabolism and ion transport pathways were upregulated while there was attenuated expression of genes protective against oxidative stress including glutathione synthetase and mitochondrial superoxide dismutase 2. Angiotensin II infusion had little effect on blood pressure in KOs. Nonetheless, expression of Ͼ250 genes was altered in kidneys from KO mice during angiotensin II infusion; 14% were upregulated, while 86% were repressed including genes involved in immune responses, angiogenesis, and glutathione metabolism. Between WT and KO kidneys during angiotensin II infusion, 728 genes were differentially expressed; 10% were increased and 90% were decreased in the WT group. Differentially regulated pathways included those involved in ion transport, immune responses, metabolism, apoptosis, cell proliferation, and oxidative stress. This genome-wide assessment should facilitate identification of critical distal pathways linked to blood pressure regulation. transgenic mice; hypertension; oxidative stress; microarray analysis THE RENIN-ANGIOTENSIN SYSTEM (RAS) modulates many physiological processes and plays a central role in mechanisms of chronic renal disease (20). The major peptide mediator of the RAS, angiotensin II (Ang II), affects function of cells through specific, seven-transmembrane spanning receptors that can be divided into two pharmacological classes: AT 1 and AT 2 . Most of the classically recognized functions of the RAS are mediated by AT 1 receptors. The murine AT 1 receptors, AT 1A and AT 1B , are products of separate genes, sharing 94% homology at amino acid level and are pharmacologically indistinguishable (36). AT 1A receptors predominate in most organs and the AT 1A receptor is considered the closest murine homolog to the single human AT 1 receptor. Intracellular signaling pathways linked to AT 1 receptor activation have been well characterized and include signaling through Gq proteins, PLC, and increases in intracellular calcium (7). In addition, AT 1 receptors also activate JAK/STAT pathways through actions that may be independent of G proteins (9) and have been shown to transactivate EGF receptor signaling (27). These signaling pathways trigger programs of gene expression that determine physiological and pathological responses.
THE RENIN-ANGIOTENSIN SYSTEM (RAS) modulates many physiological processes and plays a central role in mechanisms of chronic renal disease (20) . The major peptide mediator of the RAS, angiotensin II (Ang II), affects function of cells through specific, seven-transmembrane spanning receptors that can be divided into two pharmacological classes: AT 1 and AT 2 . Most of the classically recognized functions of the RAS are mediated by AT 1 receptors. The murine AT 1 receptors, AT 1A and AT 1B , are products of separate genes, sharing 94% homology at amino acid level and are pharmacologically indistinguishable (36) . AT 1A receptors predominate in most organs and the AT 1A receptor is considered the closest murine homolog to the single human AT 1 receptor. Intracellular signaling pathways linked to AT 1 receptor activation have been well characterized and include signaling through Gq proteins, PLC, and increases in intracellular calcium (7) . In addition, AT 1 receptors also activate JAK/STAT pathways through actions that may be independent of G proteins (9) and have been shown to transactivate EGF receptor signaling (27) . These signaling pathways trigger programs of gene expression that determine physiological and pathological responses.
Hypertension is a highly prevalent disorder affecting Ͼ50 million Americans, and its complications, including heart disease, stroke, and kidney disease, cause significant morbidity and mortality. Despite decades of scrutiny, the pathogenesis of essential hypertension has been difficult to delineate. The majority of patients with essential hypertension experience blood pressure lowering following treatment with specific AT 1 receptor blockers (12) , suggesting that activation of AT 1 receptors plays a key role in human hypertension. Nonetheless, the precise pathways that are responsible for hypertension in humans have not been clearly characterized.
In previous studies, we developed an experimental model to separate AT 1 receptor pools in the kidney from those in other tissues (5, 6) . Using this model, we found that AT 1 receptors within the kidney play a key role in normal blood pressure control (6) and are absolutely required for the development of Ang II-dependent hypertension (5) . Furthermore, our findings suggested that AT 1 receptors cause cardiac hypertrophy by increasing blood pressure, not by direct effects in cardiac myocytes but through direct actions of AT 1 receptors in the renal parenchyma. Yet the networks of downstream genes triggered by AT 1 receptor activation in the kidney that are critical for modulating renal excretory function and generating hypertension are not known.
To explore this issue, we performed a comprehensive analysis of gene expression networks linked to renal AT 1 receptors. Specifically, we carried out genome-wide transcriptional profiling of RNA from kidneys of wild-type (WT) and AT 1A receptor-deficient mice (KOs) at baseline and after 2 days of Ang II infusion during the initiation phase of hypertension. We find evidence for activation of a series of downstream gene expression pathways linked to the AT receptor that are likely to promote hypertension pathogenesis.
MATERIALS AND METHODS
Mice. The generation and phenotypical characterization of mice with targeted disruption of the Agtr1a gene locus encoding the AT 1A receptor were described previously (17) . F1 (C57BL6 ϫ 129/SvEv) Agtr1a ϩ/ϩ and Ϫ/Ϫ mice were used in this study. All of the experiments were conducted with 2 to 3 mo old male mice and included three mice in each experimental group. Mice were fed a 0.4% NaCl diet ad libitum. To reveal genes triggered by AT1 receptor activation with Ang II, osmotic minipumps were implanted subcutaneously into mice to infuse Ang II (1, Microarray expression analysis. To define gene expression patterns in kidney triggered by of activation AT 1 receptors, we used GeneChip Mouse Genome 430 2.0 Arrays (Affymetrix, Santa Clara, CA). These chips contain Ͼ45,000 probe sets that analyze the expression Ͼ39,000 transcripts and variants representing Ͼ34,000 well-characterized mouse genes. Microarray expression analysis of kidney was conducted in the Duke University Microarray Core Facility. Briefly, 5 g of total RNA was amplified with the One-Cycle cDNA synthesis and target labeling kit according to manufacturer's instructions (Affymetrix). Biotin-labeled target complementary RNA (20 g) was fragmented and hybridized to each array according to the manufacturer's instructions. The arrays were scanned using Affymetrix equipment and protocols. Microarray data are available via the Gene Expression Omnibus, accession #GSE18430.
The expression data were processed with robust multiarray analysis algorithms using GeneSpring GX version 7.3.1 (Agilent Technologies, Santa Clara, CA), and per-gene normalization to the median was applied using the cross-error model to enhance the statistical power of the analysis. Transcripts that were "present" in at least two out of 12 samples were used for further statistical analysis. Accordingly, a probe set of 27,805 was selected from a total of Ͼ45,000. These probe sets were filtered using Volcano plot with a parametric test, assuming equal variances, and with a specified minimum 1.5-fold change. In general, the P values were controlled for multiple testing [false discovery rate (FDR)] with P Ͻ 0.05. However, for the baseline comparison between AT 1A-deficient and WT mice, a specified threshold P value of Ͻ0.005 was used to increase the number of genes available for analysis. Genes with expression differences that were statistically significant genes were then subjected to GO (Gene Ontology) analysis (P Ͻ 0.05). To identify biological pathways triggered by Ang II, the Ingenuity Pathways Analysis (IPA) (Ingenuity Systems, Redwood City, CA) was used. To determine effects of genotype, Ang II treatment and the interaction between genotype and treatment, a two-way ANOVA analysis (FDR Ͻ 0.005) was used.
Real-time PCR analysis. Differences in expression of selected genes were confirmed using quantitative real-time PCR analysis. Briefly, total RNA was prepared from kidneys as described above using RNeasy minicolumns (Qiagen). Extracted RNA was reversetranscribed with random hexamers using the Invitrogen SuperScript II kit (Invitrogen, Carlsbad, CA). Real-time quantitative PCR amplifications were performed in duplicate in a 96-well plate (Bio-Rad iCycler iQ Real Time PCR System). Primers and probes for genes were purchased from Applied Biosystems (Foster City, CA). For normalization, Taqman 18 S rRNA Control Reagent was used as an internal control. The levels of gene expression were calculated using a standard curve.
Analysis of protein levels by immunoblotting. To determine serum/ glucocorticoid-regulated kinase (Sgk)1 protein levels in kidney, samples (40 g total protein) were denatured, separated on NuPage 4 -12% Bis-Tris gel (Invitrogen), and transferred to Invitrolon PVDF membrane (Invitrogen). The membranes were incubated with rabbit monoclonal anti-Sgk1 antibody [Millipore (Chemicon/Upstate/Linco); clone Y238, 1:250 dilution] overnight at 4°C, followed by incubation with a peroxidase-labeled anti-rabbit antibody for 1 h. Protein was detected using ECL Plus Western blotting analysis system (Amersham Pharmacia). ␣-Tubulin (Santa Cruz Biotechnology) was used as a loading control.
RESULTS

Comparison of gene expression profiles between kidneys
from KO and WT control mice. Our analysis showed that there were 406 genes with significantly altered expression (by 1.5-fold or more) in kidneys from Agtr1a Ϫ/Ϫ mice compared with WT controls at baseline. Of these, 359 genes (Ϸ88%) were upregulated in the KOs, while 47 genes (Ϸ12%) were repressed (Fig. 1) . Highly represented GO categories among these genes included cell communication, response to stimulus, physiological processes, developmental response to biotic stimulus, defense response, immune response, response to stress, response to external stimulus, organ development, and cell differentiation. Specific examples of genes that were upregulated in the AT 1A receptor-deficient mice are shown in Supplemental Table S1 1 and included genes associated with chemokine pathways, inflammatory mediators such as interferon-␥, leukotrienes, and various adhesion molecules. We also observed upregulation of other genes involved in the immune response including genes in the histocompatibility complex, the complement system, lysosomes, and the proteosome. Expression of several growth factors was also upregulated in KO mice including early growth response 1 (Egr1); early growth response 2 (Egr2); transforming growth factor, ␤1 (Tgfb1); transforming growth factor, ␤-induced (Tgfbi); transforming growth factor, ␤-receptor III (Tgfbr3), connective tissue growth factor (Ctgf), cysteine rich protein 61 (Cyr61). Notably, TGF-␤ (Tgfb1) is a prominent mediator in the cell-to-cell signaling and interaction and cellular movement pathway with the highest score (38) identified by the IPA among differentially expressed genes (Fig. 2) .
Finally, our analysis revealed that kidneys from AT 1A receptor-deficient mice manifested a marked increase in expres- 1 The online version of this article contains supplemental material. sion of genes implicated in oxidative stress (Supplemental Table S1 ). These included an inhibitor of cellular antioxidant of thioredoxin-thioredoxin interacting protein (Txnip, 1.76-fold), oxidative stress-induced genes such as xanthine dehydrogenase (Xdh, 1.61-fold), ceruloplasmin (Cp, 2.93-fold), and the dual-specificity phosphatase 1 (Dusp1, 1.67-fold). Expression of oxygen transporters, such as cytoglobin (Cygb), hemoglobin ␤-chain complex (Hbb, Hbb-b1, Hbb-b2), and the adult chain of hemoglobin-␣ (Hba-a1), were also increased in the Agtr1a Ϫ/Ϫ mice compared with controls. Altered gene expression profiles caused by infusion of Ang II in WT mice. To examine the effects of chronic stimulation of the kidney by Ang II at concentrations known to cause hypertension, we compared gene expression profiles from kidneys of WT mice under baseline conditions and after a 2-day infusion of Ang II. This analysis showed that expression of 805 genes was altered by 1.5-fold or more by the Ang II infusion. Of these genes, 145 (Ϸ18%) were upregulated, whereas the vast majority (660 genes, Ϸ82%) were repressed. To define common pathways among genes with altered expression, we carried out GO analysis, which demonstrated changes in a number of biological pathways with Ang II infusion including physiological and cellular physiological processes, metabolism, localization, transport, biosynthesis, lipid and carbohydrate metabolism, and ion transport (Supplemental Table S2 ).
Previous studies by our group and others have suggested that Ang II controls blood pressure primarily by activation of AT 1 receptors in the kidney and thereby affecting fluid and solute reabsorption (4) . In this regard, infusion of Ang II was associated with upregulation of several sodium transporters such as the sodium/sulphate symporter (Slc13a1, 2.81-fold), sodium/ bile acid cotransporter (Slc10a6, 1.75-fold), and the ␣-subunit of the type I nonvoltage-gated sodium channel (Scnn1a, known as ␣-ENaC, 1.59-fold). In parallel with enhanced ␣-ENaC expression, we found that expression of the upstream kinase Sgk1 was similarly altered. To confirm these changes in Sgk1 mRNA expression and to determine whether they resulted in increased levels of Sgk1 protein, we carried out RT-PCR and Western blotting. As shown in Fig. 3A , levels of Sgk1 mRNA were significantly higher in WT mice during infusion of Ang II than WT controls (P Ͻ 0.01) or KO mice during Ang II infusion (P Ͻ 0.01). As depicted in Fig. 3B , a similar pattern was observed with Sgk1 protein levels. SGK1 protein levels were also higher in the WT ϩ Ang II group than in WT controls (P Ͻ 0.001) or KO mice during Ang II infusion (P Ͻ 0.01). Expression of Sgk1 in the kidneys of the KO mice during Ang II was higher compared with WT control mice (P ϭ 0.05) (Fig. 3B) .
On the other hand, expression of several sodium transporters was downregulated, including the sodium/glucose cotransporter (Slc5a2, 0.61-fold), type IIc Na ϩ /Pi cotransporter (Slc34a3, 0.52-fold), and a sodium/hydrogen exchanger (Slc9a8, 0.26-fold). With the exception of Scnn1a (ENaC-␣), these transporters make minimal contributions to overall handling of sodium by the kidney.
Expression of other major renal sodium transporters tended to be reduced or unchanged including: Na ϩ /H ϩ exchanger 3 (Slc9a3, NHE3: 0.79-fold), type II sodium Pi cotransporters (Slc34a1, NaPi2: 0.82-fold), ␤-subunit of the type I nonvolt- Fig. 3 . Expression of serum/glucocorticoid-regulated kinase (Sgk1) in kidneys of KO and WT mice at baseline and after angiotensin (Ang) II infusion. A: Sgk1 mRNA levels (relative to WT control mice as 100%). Data were normalized to 18S RNA from the same samples (n ϭ 3 for each group). Open column, control mice; gray column, Ang II infusion. B: comparison of the levels of Sgk1 protein using Western immunoblotting analysis. The values above the bands are the means of relative changes in WT and KO mice after Ang II infusion compared with WT control mice. ***P Ͻ 0.01 compared with WT control mice; ***P Ͻ 0.001 compared with WT control mice; † †P Ͻ 0.01 compared with WT mice infused with Ang II. age-gated sodium channel (Scnn1b; ENaC-␤: 1.00-fold), and ␥-subunit of the type I nonvoltage-gated sodium channel (Scnn1g, known as ENaC-␥: 1.02-fold). On the other hand, expression of the thiazide-sensitive Na-Cl cotransporter (Slc12a3, NCC) was modestly increased (1.23-fold).
There is evidence supporting the involvement of cytochrome P450 (CYP) enzymes in regulation of sodium homeostasis and blood pressure (2, 33) . We found that infusion of Ang II in WT mice was associated with strong upregulation of CYP of Cyp4A subfamily (Cyp4a14, 44.66-fold; and Cyp4a10, 2.73-fold). These enzymes catalyze synthesis of 20-hydroxyeicosatetranoic acids (HETEs), potent vasoconstrictors and modulators of renal sodium reabsorption (33) . On the other hand, expression of CYP enzymes of the Cyp2J subfamily (Cyp2j11) is downregulated (0.62-fold). These enzymes produce epoxyeicosatrienoic acids (EETs), which may have vasodilator and natriuretic effects (25) .
A critical role for oxidative stress in Ang II-dependent hypertension is well documented (15) . With Ang II infusion, we found reduced expression of genes with protective effects against oxidative stress including: glutathione synthetase (Gss, 0.65-fold), mitochondrial superoxide dismutase 2 (Sod2, 0.57-fold), and soluble isocitrate dehydrogenase (Idh1, 0.63-fold), which is critical in the production of NADPH for regeneration of reduced glutathione (37) . Furthermore, we observed strong upregulation of downstream genes induced by oxidative stress such as hemoxygenase-1 (Hmox1, 6.24-fold) and Cp (3.78-fold).
Activation of AT 1 receptors by Ang II triggers cell growth and proliferation in a number of settings (41) . We noticed that a number of genes influencing cell growth and proliferation were differentially expressed in kidneys of WT mice during Ang II infusion including: myelocytomatosis oncogene (Myc, also known as c-Myc, 1.61-fold), citron (Cit, rho-interacting, serine/threonine kinase 21, 1.60-fold), N-myc downstream regulated gene 1 or N-myc downstream regulated-like (Ndrg1, Ndrl; 1.58-fold), and purine-rich element binding protein A (Pura, 1.55-fold). We also found downregulation of genes with a dampening or repressive effect on cell proliferation including: large tumor suppressor 2 (Lats2, 0.60 fold), growth arrestspecific 2 (Gas2, 0.58-fold), retinoblastoma-like 1 (Rbl1, 0.56-fold), and cell growth regulator with EF hand domain 1 (Cgref1, 0.59-fold).
A network IPA analysis identified 13 significant networks with scores of Ͼ11. The five top-scoring networks are shown in Supplemental Table S3 and were categorized as gene expression, nervous system development and function, cell cycle, inflammatory response, posttranslational modification, and others.
Ang II affects gene expression in kidneys of mice lacking AT 1A receptors. Infusion of Ang II altered expression profiles of 251 genes in kidneys of KO mice. Of these, 36 (Ϸ14%) were upregulated, while 215 (Ϸ86%) were repressed. The largest groups of GO terms with significant associations were: metabolism, development, biopolymer modification, organ development, negative regulation of cellular process, and response to stress (Supplemental Table S4 ).
As we had seen in the WT group, expression of cellular antioxidant genes was altered by Ang II infusion in KO mice. For example, genes involved in glutathione metabolism such as members of glutathione S-transferase family [Gstp1 (0.66-fold), Gsta2 (0.44-fold), Gsta1 and/or Gsta2 (0.39-fold), Gstm1 (0.60-fold), Gstm6 (0.64-fold)] were downregulated along with microsomal glutathione S-transferase (Mgst1, 0.62-fold) and thioredoxin interacting protein (Txnip, 0.52-fold). In contrast to WT mice, expression of several genes typically induced by oxidative stress were downregulated including: Hmox1 (0.71-fold), Cp (0.47-fold), and Dusp1 (0.50-fold).
IPA network analysis identified 10 genetic networks with significant scores (Ͼ11). The five top-scoring networks are shown in Supplemental Table S5 and were associated with functions of organ development, drug metabolism, cell cycle, mediated immune response, amino acid metabolism, and others.
Differential gene expression between kidneys of WT and AT1 A receptor-deficient mice during infusion of Ang II. We and others have shown that physiological responses to chronic Ang II infusion are quite different between WT and KO mice (6, 34) . In WT mice, Ang II infusion causes robust hypertension and renal sodium retention (5) . By contrast, Ang II infusion has minimal effects on blood pressure in mice lacking AT1 A receptors and they maintain natriuresis. Accordingly, we were interested in defining differences in gene expression patterns between these groups to understand the mechanisms underlying these different responses.
Venn diagram analysis showed that only five genes were upregulated by Ang II infusion in both KO and WT mice, while 46 genes were downregulated in both groups (data not shown). Downregulated genes in both KO and WT mice included genes involved in metabolism, RNA processing, RNA splicing, and protein ubiquitination. A total of 728 transcripts were differentially expressed between KO and WT kidneys during Ang II infusion. Of these, Ϸ10% were upregulated and Ϸ90% were downregulated in the WT group. Differentially expressed pathways included genes involved in ion transport, immune responses, metabolism, apoptosis, cell proliferation, and oxidative stress (Supplemental Table S6 ).
As another approach for analyzing genes with differing responses to Ang II between WT and KO mice, genotype-bytreatment interaction was calculated using two-way ANOVA. This analysis revealed that expression of 1,455 gene sets was significantly changed (P Ͻ 0.005). The differentially expressed gene sets were predominantly affected by Ang II treatment (1,026 gene sets) followed by genotype (405 gene sets). The 316 transcripts with significant genotype and treatment interaction are candidates for significant pathways mediating functional actions of AT1 receptors in the kidney. Notably, most genes with genotype and treatment interaction (Fig. 4) were changed in opposite direction between the groups after Ang II treatment. IPA network analysis identified several networks with highly significant associations including: free radical scavenging, cell death and cancer (score 40) and cardiovascular system development and function, and cellular development (score 39; Supplemental Fig. S1 ).
Validation of array results by real-time quantitative PCR.
To validate our microarray data, we carried out additional studies using quantitative RT-PCR. Using this approach, we confirmed the results for several selected genes with the same RNA samples that were used for microarrays. As shown in Fig. 5 , the patterns of changes in gene expression identified by qRT-PCR were very similar to those detected in our analysis of the microarray data.
DISCUSSION
Our previous studies demonstrated a critical role for AT 1 receptors within the kidney in hypertension pathogenesis (5) . To define genetic networks associated with activation of renal AT 1 receptors, we carried out a genome-wide analysis of gene expression profiles from kidneys of AT 1A receptor-deficient and WT mice at baseline and after 2 days of Ang II infusion. Using this approach, we identified differentially expressed genes linked to deficiency of AT 1A receptors and to the development of Ang II-dependent hypertension.
Our microarray analysis of gene expression patterns identified Ͼ400 genes that were differentially expressed at baseline in kidneys of KO mice compared with controls; Ͼ80% of these were upregulated. In these kidneys from mice lacking the major murine AT 1 receptor isoform, there was broad upregulation of pathways previously associated with AT 1 receptor signaling including inflammation, oxidative stress, growth, and proliferation (26) . Nonetheless, our data are consistent with results from a study by Ouyang and associates (30) , who used real-time PCR analyses to document increased expression of a panel of profibrotic, proinflammatory, and oxidative stress mediators in kidneys of mice lacking both AT 1A and AT 1B receptor isoforms. Baseline blood pressures are dramatically reduced in mice lacking AT 1A receptors (17) . Thus, enhanced expression of some of these genes in KO mice may reflect compensatory mechanisms triggered by low blood pressure, perhaps mediated by activation of the sympathetic nervous system or other homeostatic elements. Our previous studies have shown that kidneys from AT 1A receptor-deficient mice on the F 1 (129 ϫ C57BL/6) background appear normal, lacking significant infiltration by inflammatory cells or fibrosis (21) . Thus, upregulation of genes associated with inflammatory pathways, growth factors, and oxidative stress do not appear to be sufficient to promote kidney injury in this setting.
The large number of upregulated genes in AT 1A receptordeficient mice may also reflect stimulation of residual components of the RAS. We and others have previously shown that renin production and Ang II levels are significantly increased in mice lacking AT 1A receptors (6, 24, 29) , likely due to loss of short-loop feedback inhibition of renin by AT 1A receptors in the juxta-glomerular apparatus. Our current microarray analysis confirmed that renin expression was increased more than sevenfold in the kidneys of KO mice compared with controls. This activation of the RAS could produce stimulation of AT 2 , AT 1B , and/or other receptors for Ang peptides that may still be present in kidneys of AT 1A receptor-deficient mice.
Chronic infusion of Ang II causes robust and sustained hypertension in normal mice (42) . Substantial increases in blood pressure are seen within the first 48 h after the infusion is begun, reaching maximal levels within 5-7 days (5, 14) . We therefore carried out our analysis of gene expression during the early phase of the development of hypertension. Our assumption was that changes in gene expression during the initial 48 h of the infusion would likely reflect physiological alterations associated with blood pressure elevation, rather than structural or pathological consequences of elevated blood pressure seen at later time points in this model. Changes in gene expression at this early time point could thus potentially be involved in the pathogenesis of hypertension rather than a result of kidney injury induced by chronic blood pressure elevation. In WT mice after 2 days of Ang II infusion, expression of 805 genes was altered compared with baseline. Activation of AT 1 receptors in cells is linked to transcriptional activation of a number of distal effector pathways linked to physiological functions Fig. 5 . Differential gene expression confirmed by qRT-PCR. Data were normalized to 18S RNA from the same samples (n ϭ 3 for each group). Open column, control mice; gray column, Ang II infusion. Mean of expression levels in WT control mice were assigned a value of unity. *P Ͻ 0.05, **P Ͻ 0.01 compared with WT control mice; †P Ͻ 0.05, † †P Ͻ 0.01 compared with WT mice infused with Ang II. Agt, angiotensinogen; Cyp4a14, cytochrome P450, family 4, subfamily a, polypeptide 14; Scnn1a, sodium channel, nonvoltagegated 1␣ (ENaC-␣); Slc13a1, solute carrier family 13 (sodium/sulfate symporters), member 1; Camk2b, calcium/calmodulin-dependent protein kinase II␤; Gpx6, glutathione peroxidase 6 (olfactory). (3), yet our study showed that the majority (Ϸ82%) of differentially expressed genes were repressed. We speculate that suppression of gene expression in kidneys from WT mice may represent protective and compensatory mechanisms in response to high blood pressure.
We have previously documented the importance of AT 1 receptors in the kidney to the development of hypertension, promoting reduced excretion of sodium in urine and consequent increases in blood pressure (5) . Accordingly, we were interested in the effects of Ang II infusion on expression of genes encoding various sodium transporters. While we found changes in expression of several sodium transporters in WT mice after ANG II infusion, the ␣-subunit of ENaC was the only major renal sodium transporter component with significantly increased expression compared with baseline. This was accompanied by upregulation of the Sgk1 gene, known to mediate many effects of aldosterone including its actions to modulate expression of ENaC (22) . On the other hand, while expression of other major renal sodium transporters such as NHE3 and NaPi2 was modestly reduced, and expression of NCC was increased with Ang II infusion, these differences did not achieve the 1.5ϫ threshold specified by our analysis. Moreover, regulation of these key transporters is complex and includes substantial posttranslational modifications (11, 35) . Thus, the actions of AT 1 receptors to control the activity and levels of these transporter proteins may also occur through proximal effects on genes that regulate posttranslational processing such as phosphorylation and/or trafficking (10, 13, 19, 32) .
A number of previous studies have documented the importance of oxidative stress in AT 1 receptor signaling and in the pathogenesis of Ang II-induced hypertension (26, 31) . In kidneys of WT mice infused with Ang II, we found strong upregulation of genes previously known to be induced by cellular oxidative stress (1) . At the same time, there was attenuated expression of genes involved in the protection against oxidative stress, including mitochondrial SOD2 and Idh1, which is critical for producing NADPH for regeneration of reduced glutathione and Gss. In this regard, previous studies have shown that infusion of Ang II reduces levels of total glutathione by Ϸ30% in WT mice (40) , and glutathione depletion induced by direct inhibition of glutathione synthase causes oxidative stress and hypertension in rats (39) .
The differences in gene expression in the cytochrome P450 enzymes of the Cyp4a subfamily were among the most robust that we observed: Ang II infusion in the WT mice was associated with a 45-fold upregulation of Cyp4a14 and a threefold upregulation of Cyp4a10, both of which were statistically significant. The role of Cyp4a enzymes in blood pressure regulation is likely to be complex. These enzymes catalyze the conversion of arachidonic acid to biologically active compounds such as 20-HETE and EETs, which have well-documented actions to modulate vascular tone and sodium excretion (25, 33) . Moreover, Cyp4a14 gene may affect plasma androgen levels, also impacting blood pressure (16) . Our studies clearly show that Ang II has potent actions to modulate these enzymes and these effects depend on the presence of AT 1A receptors. As such, they represent important candidate pathways that may shape the hypertensive response to Ang II.
AT 1A receptor-deficient mice are highly resistant to Ang II-dependent hypertension (34) . Despite the negligible change in blood pressure typically induced by chronic Ang II infusion in these animals, expression of Ͼ250 genes was altered in kidneys of KO mice compared with baseline. The majority of these were repressed (Ϸ86%), with only a minority (Ϸ14%) being upregulated. It seems likely that changes in gene expression caused by Ang II in the KO mice were mediated by activation of residual Ang receptors including AT 1B , AT 2 or perhaps others. For example, we have previously shown that AT 1B receptors mediate modest vascular responses to acute Ang II infusion in KO mice (28) . Likewise, although incompletely characterized, there are distinct signaling pathways linked to AT 2 receptors (38) . Nonetheless, our assessment of the overall patterns of expression through Ingenuity Network Analysis, compared with the WT group, was consistent with a generalized attenuation of signaling through AT 1 pathway-associated genes in kidneys of KO mice infused with Ang II.
To begin to identify genetic pathways linked to AT 1A receptor activation in the kidney and by extension to the development of hypertension, we compared gene expression patterns in kidneys of WT and KO mice during infusion of Ang II. Thus our microarray analysis showed that elevation of blood pressure in WT during Ang II infusion was associated with differential expression of genes involved in metabolism, transport, growth, cell death, glutathione metabolism, immune response, steroid biosynthesis. In this comparison, Ϸ70 genes were upregulated with Ang II in the kidneys of WT compared with KO mice. This group of genes is likely to reflect pathways that are specifically activated by AT 1A receptors and are candidates for a causative role in hypertension. One of genes of particular interest in this group was Sgk. The increase in Sgk1 mRNA expression was confirmed by PCR and increased protein levels were shown by Western blot (Fig. 3) . Through its actions as an intermediary of aldosterone and glucocorticoids, SGK promotes reabsorbtion of sodium and simultaneous secretion of potassium by activating proteins such as ENaC, TRPV5, ROMK, Kv1.3, KCNE1/KCNQ1, NHE3, and the Na ϩ -K ϩ -ATPase (23) . Genes involved in cell growth and proliferation such as fibroblast growth factor binding protein 1 (Fgfbp1), insulin-like growth factor binding protein 1 (Igfbp-1), inhibin ␤-B (Inhbb), growth arrest-specific 5 (Gas5), and a serine/threonine kinase and rho effector-citron (Cit) essential for cytokinesis (8) were also upregulated.
If the stringency of our analysis is relaxed so that we query genes that are upregulated 1.3-fold or more, the number of genes with increased expression in kidneys of WT compared with KO mice during Ang II infusion is larger, up to 179. Among this group are several transporters including aquaporin 1 (Aqp1, 1.45-fold), chloride channel 5 (Clcn5, 1.34-fold), as well as angiotensinogen (Agt, 1.42-fold) (Fig. 5 ). Kobori and associates (18) have previously demonstrated increased angiotensinogen expression, especially in proximal tubules, during Ang II infusion and have suggested that this may promote increased intrarenal generation of Ang II, promoting hypertension.
In summary, our microarray analysis demonstrated a paradoxical increase in expression of a number of genes in kidneys of AT 1A receptor-deficient mice at baseline. Some of these have previously been linked to AT 1 receptor signaling and may represent a compensatory response to low blood pressure. The increase in blood pressure induced by Ang II infusion in WT mice was associated with upregulation of genes involved transport, proliferation, and oxidative stress, with attenuated expression of genes with protective effects against oxidative stress. Despite its minimal hemodynamic effects, infusion of Ang II in KO mice altered expression of a number of genes involved in various biological pathways including immune responses, migration, angiogenesis, and glutathione metabolism, likely through activation of other response elements of the RAS. Further pathway analysis of differentially regulated genes between WT and KO kidneys with Ang II infusion should be useful in identifying distal pathways in the kidney linked to AT 1 receptor stimulation promoting blood pressure elevation. As such, they should provide insights into the pathogenesis of hypertension and may suggest new targets for therapy.
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